Definitive combination antibiotic therapy with a β-lactam and an aminoglycoside for the treatment of gram-negative bacteremia is commonly prescribed in pediatric patients; however, its efficacy and toxicity relative to β-lactam monotherapy are unknown.
T here is considerable debate about the role of β-lactam monotherapy compared with combination therapy including β-lactams and aminoglycosides for the definitive treatment of gram-negative bacteremia in pediatric patients. [1] [2] [3] Although combination antibiotic therapy may be appropriate to expand empirical antimicrobial coverage in ill pediatric patients, the continued benefit of combination therapy after susceptibility data are available is uncertain. Several studies in adults, [4] [5] [6] [7] [8] [9] [10] [11] including meta-analyses of randomized clinical trials, have demonstrated no difference in clinical outcomes between combination therapy and monotherapy as culture-directed therapy for gram-negative bacteremia. To date, this issue has not been formally evaluated in the pediatric population, and combination antibiotic therapy continues to be liberally prescribed, particularly for organisms perceived to be especially virulent, such as Pseudomonas aeruginosa. [1] [2] [3] It is concerning that the addition of aminoglycoside therapy may result in acute renal injury in adults. [5] [6] [7] [8] [12] [13] [14] [15] Aminoglycosides can accumulate in the renal cortex and cause acute nephrotoxicity, which may not always be reversible. [16] [17] [18] [19] A substantial advantage can be gained by simplifying an antibiotic regimen with a single drug, provided that the agent is effective and well tolerated. We hypothesized that combination antibiotic therapy for gram-negative bacteremia increases the risk of acute renal injury, without improving survival compared with monotherapy in the pediatric population. We conducted a retrospective cohort study in consecutive pediatric patients with gram-negative bacteremia during a 10-year period to determine whether the use of combination therapy as definitive therapy for gram-negative bacteremia affects subsequent survival and nephrotoxicity compared with monotherapy.
Methods

Setting and Participants
We identified pediatric patients (aged ≤18 years) admitted to the Johns Hopkins Children's Center in Baltimore, Maryland, from January 1, 2002, through December 31, 2011, with Enterobacteriaceae, Pseudomonas species, or Acinetobacter species cultured from a sample of blood with clinical signs and symptoms suggestive of infection, given age-based normal values (temperature >38°C or <36°C, leukopenia, leukocytosis, apnea, bradycardia, tachycardia, or hypotension). 20 Patients were excluded if they (1) had polymicrobial bacteremia, (2) did not receive appropriate gram-negative therapy (to which the organism ultimately recovered was susceptible) within 24 hours after obtaining their first positive blood culture result, (3) received an antibiotic regimen other than a β-lactam with or without the addition of an aminoglycoside, or (4) died within 48 hours after obtaining their first positive blood culture result.
Only the first episode of bacteremia due to the same organism per patient was included in the analysis.
Data Collection
Laboratory databases were queried to identify all blood cultures from which gram-negative organisms were isolated during the study period. Characteristics of pediatric patients with gram-negative bacteremia were extracted from medical records. The primary exposure was use of combination therapy. Outcomes of interest were mortality and nephrotoxicity. Pertinent additional data included demographic characteristics, lowest absolute neutrophil count within 48 hours after the first positive blood culture result, and other body sites where the relevant organisms were recovered. The highest Pediatric Risk of Mortality (PRISM) III score, admission to the intensive care unit (ICU), vasopressor requirement, and need for mechanical ventilation were recorded as measures of illness severity on the day the first positive blood culture result was obtained (within 24 hours). Additional data collected as hypothesized confounders included failure to remove all central venous lines within 72 hours after obtaining the first positive blood culture result and time at risk (duration [in days] from hospital admission to the first positive blood culture). Because of existing data suggesting that Pseudomonas bacteremia is associated with higher mortality than other gram-negative organisms causing bacteremia, the presence of Pseudomonas bacteremia was also treated as a potential confounder. 21, 22 The use of intravenous contrast material or more than 48 hours of additional nephrotoxic drug treatment (amphotericin B, colistimethate sodium, cyclosporine, acyclovir, vancomycin hydrochloride, cidofovir, cyclophosphamide, methotrexate sodium, or cisplatin) were considered as dichotomous variables because they also may be associated with the development of nephrotoxicity. This study was approved by the Johns Hopkins University School of Medicine Institutional Review Board, with a waiver of the requirement for informed consent.
Definitions
Antimicrobial therapy administered before final susceptibility results were available was considered empirical, and therapy administered after these results was considered definitive. The term combination therapy was used when a β-lactam and an aminoglycoside were prescribed as definitive therapy for at least 48 hours after antibiotic susceptibilities were finalized. Monotherapy referred to the use of a β-lactam alone as definitive therapy. Mortality was defined as death from any cause within 30 days from the first positive blood culture result. Among the patients discharged less than 30 days after initiation of antibiotics, more than 95% returned for additional clinic visits or had future hospitalizations, which allowed us to determine that they were alive at 30 days. Nephrotoxicity was categorized as a dichotomous variable according to the pediatric RIFLE (risk for renal dysfunction, injury to the kidney, failure of kidney function, loss of kidney function, and end-stage renal disease) criteria, 23, 24 which are used to stratify pediatric patients based on changes in serum creatinine levels from baseline and/or changes in urine output. We limited classification to risk, injury, and failure according to the maximum RIFLE class reached up to 72 hours after discontinuation of antibiotics. Baseline serum creatinine levels were determined by using the lowest level measured within 72 hours after obtaining the first positive blood culture result. Risk was defined as an increase in serum creatinine to 1.5 times baseline and/or urine output less than 0.5 mL/kg/h for at least 6 hours; injury was defined as an increase in serum creatinine to at least twice baseline and/or urine output less than 0.5 mL/kg/h for at least 12 hours; and failure was defined as an increase in serum creatinine to at least 3 times baseline and/or urine output less than 0.3 mL/kg/h for at least 24 hours or anuria for at least 12 hours.
Statistical Analysis
Demographic and clinical characteristics were summarized as percentages for categorical variables and means and standard deviations for continuous variables. Year was regressed on the proportion of patients who received combination therapy and separately on the annual proportion of patients who died to evaluate trends during the study period. Because it was anticipated that the distribution of baseline characteristics would differ substantially between the patients who received combination antibiotic therapy and those who received monotherapy, propensity scores were created to establish each patient's probability of receiving combination therapy as definitive therapy.
Propensity scores were estimated for each patient by using boosted classification trees. 25 Classification trees were implemented with 10 000 iterations and an iteration stopping point that minimized the mean of the Kolmogorov-Smirnov test statistics. The covariates used to generate the propensity scores were age, number of preexisting medical conditions, time at risk, ICU admission, use of vasopressors, absolute neutrophil count no more than 100 cells/μL, mechanical ventilation, presence of a central venous line 72 hours after obtaining the first blood culture result, Pseudomonas bacteremia, and underlying cancer.
The average treatment effect of the treated, which compares the outcomes in treated patients (receiving definitive combination therapy) with those in patients with similar pretreatment characteristics who received monotherapy, was chosen as the estimand. 26, 27 Patients receiving monotherapy were weighted by their odds of receiving combination therapy, trimmed at 0.10 to create balanced covariate distributions. 28, 29 Covariate balance after weighting was assessed by using the absolute standardized mean difference, the KolmogorovSmirnov test statistic, the t test for continuous variables, and Pearson χ 2 test for categorical values. The absolute standardized mean difference was 0.20 or less, and the KolmogorovSmirnov test statistic was less than 0.10 for all variables used in the development of propensity scores after weighting. Unadjusted odds ratios (ORs) were estimated for the association between the use of combination therapy and mortality and the use of combination therapy and nephrotoxicity in unweighted univariable analysis. All covariates with P < .20 in the unadjusted model were entered into a doubly robust, adjusted model incorporating weights and potential confounders. Potential confounders were identified as variables producing a risk estimate that differed by more than 10% from the crude unadjusted risk estimate when included in the final model. For all statistical tests, differences were considered statistically significant at P < .05 (2-sided). Data were analyzed with Stata software (version 11.1; StataCorp) and the twang package for the R programming language (version 2.14.1; R Development Core Team). 30 
Results
Study Population
There were 1166 pediatric patients with gram-negative bacteremia treated between January 1, 2002, and December 31, 2011, of whom 879 met eligibility criteria (Figure) . Klebsiella pneumoniae was the most common organism identified, followed by P aeruginosa and Escherichia coli ( Table 1) . The combination therapy group included 537 patients (61.1%), and the monotherapy group, 342 (38.9%) ( Table 2 ). There was no statistically significant change in the proportion of patients receiving combination therapy during the study period (P = .12). Piperacillin-tazobactam was the most commonly prescribed β-lactam (37.3%), followed by ceftriaxone (30.8%) and cefepime hydrochloride (15.0%).
Baseline Characteristics
There were several clinically relevant differences between the treatment groups. Compared with patients receiving monotherapy (unweighted analysis), those receiving combination therapy were more likely to require ICU admission, vasopressors, or mechanical ventilation; to have a central venous line that remained in place for more than 72 hours after obtaining the first positive blood culture result; to have an underlying cancer; and to have Pseudomonas bacteremia. Patients with urosepsis as their source of bacteremia were much more likely to receive monotherapy (P = .01). A central venous line was identified as the likely source of bacteremia in 74.1% of patients. Most patients (92.2%) meeting inclusion criteria had at least 1 underlying medical condition; only 33 (3.8%) had no underlying medical conditions at the time gram-negative organisms were cultured from the samples of blood. After patients receiving monotherapy were weighted-to create a pseudopopulation in which patients similar to those who received combination therapy were up-weighted and patients whose demographic and clinical characteristics made them unlikely to receive combination therapy were down-weightedbaseline demographic and clinical characteristics between the groups were well balanced. A notable exception was that patients with Pseudomonas bacteremia remained more likely to receive combination therapy (P = .01).
Mortality
There were a total of 128 deaths (11.0%) within 30 days after the onset of bacteremia in the total sample of 1166 pediatric patients. Half of them occurred in the first 48 hours after onset, and these patients were excluded from further analysis. The proportion of deaths in pediatric patients with gram-negative bacteremia remained consistent throughout the study period (P = .72); there were 41 deaths (7.6%) in the combination therapy and 23 (6.7%) in the monotherapy group (P = .61). In the weighted multivariable regression model adjusting for presence of a central venous line more than 72 hours after obtaining the first positive blood culture result, absolute neutrophil count of 100 cells/μL or less, ICU admission, vasopressor requirement, Pseudomonas bacteremia, mechanical ventilation, and PRISM III score, there was no association between combination therapy and mortality (OR, 0.98; 95% CI, 0.93-1.02) ( 
Discussion
Our study demonstrates that the risk of mortality is similar in pediatric patients with gram-negative bacteremia treated with β-lactam monotherapy and those treated with combination (β-lactam and aminoglycoside) therapy. However, the use of combination therapy may predispose pediatric patients to acute renal injury. In our cohort, 61.1% of patients received both a β-lactam and an aminoglycoside for definitive treatment of gram-negative bacteremia, even though the organism was susceptible to the β-lactam prescribed. "Two drugs are better than one" continues to be a common belief in pediatrics, although existing clinical data from adult experiences do not support this dogma. 1,2 At least 8 meta-analyses, 4-8,10,11,31 including more than 70 randomized clinical trials, have addressed the issue of definitive combination antibiotic therapy in adults with gram-negative bacteremia. In all these meta-analyses, mortality did not differ between treatment groups, and in the 6 meta-analyses evaluating nephrotoxicity, the rate of acute renal injury was significantly higher in the combination therapy arm. To our knowledge, ours is the first study addressing the comparative advantages of combination therapy vs monotherapy in pediatric patients. Ample evidence suggests that appropriate empirical therapy leads to lower mortality and improved clinical outcomes in patients with gram-negative bacteremia. [32] [33] [34] [35] [36] [37] [38] [39] [40] In the era of increasingly resistant organisms, "appropriate" empirical therapy often includes the addition of an aminoglycoside to ensure that the organism recovered will be susceptible to at least 1 antimicrobial agent prescribed. Once organism identification and susceptibility testing are complete, the antibiotic regimen should be fine-tuned to balance providing optimal therapy with limiting unnecessary antibiotic exposure. 41 In our cohort, pediatric patients who received definitive combination therapy had twice the odds of nephrotoxicity, defined using the pediatric RIFLE criteria. This is in contrast to the notion-frequently expressed in pediatrics-that aminoglycoside use rarely causes nephrotoxicity in children. 2 There is growing evidence that nephrotoxicity, which may not always be reversible, is associated with aminoglycoside use in the first few years of life. [16] [17] [18] [19] This possible association is especially con- cerning because children with gram-negative bacteremia often require additional nephrotoxic agents for sepsis management, potentially worsening renal injury caused by aminoglycosides. Other disadvantages of adding an aminoglycoside to a gram-negative treatment regimen, which we did not address, include ototoxicity, the need for frequent catheter access (placing patients at risk for subsequent infections), the need for therapeutic monitoring of drug levels, and additional drug acquisition, preparation, and administration costs. 41 Pseudomonas bacteremia has been shown to increase mortality compared with bacteremia due to most other gramnegative organisms. 21, 22 Because of this concern, the pediatric literature recommends combination therapy for the treatment of Pseudomonas bacteremia. [1] [2] [3] In our cohort, there was no difference in Pseudomonas bacteremia-associated mortality between the combination therapy and monotherapy groups in an adjusted model. Several meta-analyses [5] [6] [7] [8] 10, 11, 42 of randomized clinical trials in adult populations with Pseudomonas infections have included subgroup analyses evaluating the incremental benefit of aminoglycoside therapy, and all but 1 meta-analysis found no clinical advantage to combination therapy. The authors of 1 meta-analysis 42 concluded that combination therapy should be used when P aeruginosa is recovered from the bloodstream; however, when patients receiving aminoglycoside monotherapy were excluded from this meta-analysis, clinical outcomes did not differ between the treatment arms. 43 In our cohort, patients with evidence of gram-negative sepsis whose central venous lines were not removed within 72 hours after obtaining the first positive blood culture result were more likely to die within 30 days of this culture than those whose central venous lines were removed. The importance of [53] [54] [55] [56] Several limitations should be considered when interpreting our findings. First, although we demonstrated that the addition of an aminoglycoside to a β-lactam seems to increase nephrotoxicity, we monitored serum creatinine levels only until 72 hours after completion of antibiotic regimens. We cannot draw any conclusions regarding lingering effects of acute renal injury in pediatric patients receiving aminoglycoside therapy. It is unclear whether aminoglycoside-related nephrotoxicity in childhood contributes to "multifactorial" causes of chronic renal failure later in life. Further research into longterm complications related to aminoglycoside use in pediatric patients is necessary to address this issue.
Second, evaluating treatment effects from observational data can be problematic because prognostic factors may influence treatment decisions. We attempted to overcome this potential selection bias with the inclusion of propensity scores. The test of a good propensity score model is that it adequately balances confounders between exposure groups. Our model achieved this balance of measured demographic and clinical variables relatively well. However, propensity scores cannot balance unknown confounders. As in all observational studies, we cannot rule out residual confounding by unmeasured variables related to disease severity; however, our final model demonstrated minimal residual confounding that would have been unlikely to change our estimate of the association between combination therapy and mortality.
Finally, for 74.1% of patients in our cohort, a central venous line was the most likely source of bacteremia. We did not have adequate power to determine whether there is a benefit to adding aminoglycosides in the presence of a deep-seated source of infection, such as intra-abdominal abscess or infections of the lungs or meninges. However, because aminoglycosides are known to poorly penetrate abscesses, bronchial secretions, and cerebrospinal fluid, [57] [58] [59] [60] [61] we hypothesize that adding an aminoglycoside is unlikely to improve clinical outcomes in patients with such involvement. c Percentages represent number of patients for the nephrotoxicity category divided by the number of all patients in the treatment group with nephrotoxicity according to the pediatric RIFLE (risk for renal dysfunction, injury to the kidney, failure of kidney function, loss of kidney function, and end-stage renal disease) criteria. Statistical analysis was not performed for risk, injury, or failure because of the small sample sizes.
In conclusion, we have identified an important problem in pediatrics that can help change our paradigm for treating gramnegative bacteremia in pediatric patients. Combining our results with the large body of evidence supporting β-lactam monotherapy for gram-negative bacteremia in the adult literature, we believe that β-lactam monotherapy in pediatric patients with gram-negative bacteremia can decrease the development of nephrotoxicity without compromising clinical outcomes.
